Ascorbic acid (AA) protects plants against abiotic stress. Previous studies suggested that this antioxidant is also involved in the control of flowering. To decipher how AA influences flowering time, we studied the four AA-deficient Arabidopsis (Arabidopsis thaliana) mutants vtc1-1, vtc2-1, vtc3-1, and vtc4-1 when grown under short and long days. These mutants flowered and senesced before the wild type irrespective of the photoperiod, a response that cannot simply be attributed to slightly elevated oxidative stress in the mutants. Transcript profiling of various flowering pathway genes revealed a correlation of altered mRNA levels and flowering time. For example, circadian clock and photoperiodic pathway genes were significantly higher in the vtc mutants than in the wild type under both short and long days, a result that is consistent with the early-flowering phenotype of the mutants. In contrast, when the AA content was artificially increased, flowering was delayed, which correlated with lower mRNA levels of circadian clock and photoperiodic pathway genes compared with plants treated with water. Similar observations were made for the autonomous pathway. Genetic analyses demonstrated that various photoperiodic and autonomous pathway mutants are epistatic to the vtc1-1 mutant. In conclusion, our transcript and genetic analyses suggest that AA acts upstream of the photoperiodic and autonomous pathways.
In higher plants, the timing of the transition from the vegetative to the reproductive phase is essential to ensure reproductive success. Flowering time is controlled by external and internal factors that are integrated in a complex gene regulatory network that ensures the expression of flowering genes, resulting in flower formation (Jack, 2004; Corbesier and Coupland, 2005) . Environmental factors that regulate flowering include daylength, light, and temperature. The plant hormone GA is an important internal factor that controls flowering. Therefore, we differentiate four flowering pathways in the facultative long-day plant Arabidopsis (Arabidopsis thaliana): the photoperiodic, vernalization, autonomous, and GA pathways.
One of the most important environmental factors that affect floral transition is the change in daylength (photoperiod). A role of photoperiod was originally proposed by Tournois and Klebs (Tournois, 1912; Klebs, 1913) . In the 1920s, Allard (1920, 1923) were the first who discovered that flowering and other developmental responses could be controlled by exposure to short day (SD) or long day (LD) depending on the plant species. They introduced the terms "photoperiod," which defines the recurring duration of daily light and dark periods, and "photoperiodism," which defines the responses to photoperiod. Numerous studies have been devoted to elucidating the molecular mechanisms of the photoperiodic flowering pathway (for comprehensive reviews, see Imaizumi and Kay, 2006; Kobayashi and Weigel, 2007) . This pathway, which consists of a circadian clock and a circadian-regulated daylength measurement mechanism, promotes flowering specifically under LD. The Arabidopsis circadian clock is set by light signals that are perceived by red and far-red light receptors (phytochromes; primarily PHYA and PHYB) and by blue light receptors (cryptochromes; CRY1 and CRY2). The core oscillator is composed of proteins, including CCA1 (CIRCADIAN CLOCK ASSOCIATED1), LHY (LATE ELONGATED HYPOCOTYL), and TOC1 (TIM-ING OF CAB EXPRESSION1), that are regulated in a negative-feedback loop (Schaffer et al., 1998; Wang and Tobin, 1998; Strayer et al., 2000; Alabadi et al., 2001 ). The circadian clock takes part in the daylength measurement mechanism that is determined by the regulation of CONSTANS (CO) gene expression and the light regulation of CO protein stability and activity (Hayama and Coupland, 2004) . Induction of flowering in LD is regulated by the gene sequence GIGANTEA (GI)-CO-FLOWERING LOCUS T (FT). In the leaves, GI activates CO transcription regardless of photoperiod (Fowler et al., 1999) . CO transcription is regulated by a number of factors, including FKF1, GI, and CDF1 (Fowler et al., 1999; Suárez-López et al., 2001; Imaizumi et al., 2003 Imaizumi et al., , 2005 Chen and Ni, 2006; Sawa et al., 2007) . CO protein is stabilized by PHYA, CRY1, and CRY2, whereas PHYB promotes the degradation of CO (Valverde et al., 2004) . Recently, a role of CRY signaling in suppressing COP1-mediated degradation of CO in the dark was also reported (Jang et al., 2008; Liu et al., 2008) . CO induces the expression of the floral integrator FT (Putterill et al., 2004) . Finally, FT protein moves through the phloem to the shoot apex, where FT interacts with the FD transcription factor to induce the expression of the floral identity gene APETALA1, which requires the transcription factor LFY (Abe et al., 2005; Wigge et al., 2005; Corbesier et al., 2007) . Expression of LFY is up-regulated by FT (Blazquez, 2005) .
Vernalization (i.e. the promotion of flowering by low-temperature treatment) acts, in Arabidopsis, by repression of the floral repressor FLOWERING LOCUS C (FLC; Martinez-Zapater et al., 1994) . Through the action of various genes, including FCA (for FLOWER-ING TIME CONTROL PROTEIN a, b, g, d) , FLC is also repressed by an autonomous pathway that induces flowering independently of environmental cues (Quesada et al., 2003; Boss et al., 2004) . Finally, GA promotes flowering of Arabidopsis under SD (Wilson et al., 1992; Blazquez et al., 1998; Eriksson et al., 2006) . These four flowering pathways converge on the transcriptional regulation of FT and SUPPRESSOR OF CONSTANS1, which promote LFY expression to confer floral identity on developing floral primordia (Corbesier and Coupland, 2005) .
Flowering time can also be influenced by other factors. Plants exhibit accelerated flowering in response to shade, drought, low nutrients, decreased light quality, heat, and general oxidative stress (Halliday et al., 1994; Martinez-Zapater et al., 1994; Levy and Dean, 1998; Miller et al., 2007) . Furthermore, early work suggested a role of ascorbic acid (AA) in the control of flowering (Chinoy et al., 1957; Hillman, 1962; Bharti and Garg, 1970) . Recently, AA-deficient Arabidopsis mutants have been reported to exhibit an altered flowering phenotype. Four AA-deficient mutants, vtc1, vtc2, vtc3, and vtc4, were originally isolated by Conklin and coworkers (1996, 2000) . These mutants greatly aided in the identification of enzymes that catalyze steps in the predominant AA biosynthetic pathway, which was elucidated by Wheeler et al. (1998) . The VTC1 gene encodes a GDP-Man pyrophosphorylase (Conklin et al., 1999) , and the VTC4 gene encodes an L-Gal-1-P phosphatase (Laing et al., 2004; Conklin et al., 2006) . The VTC2 gene has been cloned (Jander et al., 2002) and has recently been identified as a GDP-LGal phosphorylase/L-Gal guanylyl-transferase (Laing et al., 2007; Linster et al., 2007; Smirnoff et al., 2007) . The VTC3 gene has not yet been identified. The point mutations in these VTC genes result in the formation of the respective proteins with decreased enzyme activity. Therefore, the vtc mutants contain between 20% and 50% of the wild-type AA content (Conklin, 2001 ).
The AA-deficient mutant vtc1 was reported to flower and senesce before the wild type when grown under LD Conklin and Barth, 2004) . Interestingly, this mutant and vtc2 were shown to exhibit delayed flowering and senescence when grown under SD (Pavet et al., 2005) . Further support that perturbation of AA levels affects flowering time comes from the observation that artificially increasing the AA content delays flowering in LD-grown Arabidopsis (Attolico and De Tullio, 2006) and Brassica rapa (Daniela and De Tullio, 2007) but causes accelerated flowering in B. rapa when grown under SD (Daniela and De Tullio, 2007) . Based on these reports and current knowledge about mechanisms regulating flowering, several hypotheses were formulated to explain the contrasting flowering phenotypes when AA levels are altered (Barth et al., 2006) . However, experimental support for these hypotheses is still lacking.
In order to understand how AA influences flowering time, we exposed the four AA-deficient Arabidopsis mutant lines vtc1-1, vtc2-1, vtc3-1, and vtc4-1 (Conklin et al., 2000) to SD and LD conditions and assessed their flowering phenotypes. We examined the expression of key regulatory genes in the photoperiodic, autonomous, and GA pathways and generated double mutants of vtc1-1 and photoperiodic as well as autonomous flowering pathway mutants to investigate whether AA specifically affects any of the known pathways.
RESULTS

AA Deficiency Promotes Flowering and Senescence under Both SD and LD
To assess the flowering phenotype of the wild type and the vtc mutants, plants were grown under SD (10 h of light/14 h of dark) and LD (16 h of light/8 h of dark). Vegetative and reproductive growth was assessed over a period of 8 to 11 weeks. Under SD, vtc1-1, vtc3-1, and vtc4-1 mutants started flowering at 7 weeks after sowing, whereas the wild type and vtc2-1 started to produce flowers at 9 weeks after sowing (Fig. 1A) . Under LD, all vtc mutants started to produce inflorescences about 3 weeks after sowing, whereas the wild type started flowering 4 weeks after sowing (Fig. 1A) . It is well established that late-flowering plants form more leaves (Koornneef et al., 1991) . Indeed, the earlyflowering phenotype of the vtc mutants correlated with an approximately 20% decreased number of rosette leaves in comparison with the wild type when grown under SD (Fig. 1 , B and C) and LD (Fig. 1, B and D) , with the exception of vtc2-1 under SD. The vtc2-1 mutant produced significantly fewer leaves than the wild type but more leaves than the other vtc mutants under SD (Fig. 1B) . However, flower buds appeared at the same time as in the wild type. In addition to the vtc1-1, vtc2-1, vtc3-1, and vtc4-1 mutants, we also examined the flowering phenotype of the vtc2-3 mutant and of vtc mutants that were not yet backcrossed to the wild type. These mutant plants also showed early flowering (Supplemental Fig. S1 ), demonstrating that this phenotype cosegregated with AA deficiency. Based on the early-flowering phenotype of the vtc mutants, we hypothesized that the mutants enter senescence before the wild type. In fact, senescence of rosette leaves occurs earlier in the vtc mutants than in the wild type irrespective of the photoperiod (Fig. 1, C and D) .
In total, our data suggest that AA deficiency causes significantly early flowering and senescence under both SD and LD. It is known that various stress conditions can promote flowering and senescence (Bernier et al., 1993; Martinez-Zapater et al., 1994; Scholl et al., 1998; Kus et al., 2002 , Miller et al., 2007 . According to the free radical theory of aging, low levels of antioxidants promote the formation of reactive oxygen species (ROS) and thus advance aging and senescence (Harman, 1956 ). Therefore, we tested whether the vtc mutants suffer from oxidative stress by measuring the hydrogen peroxide (H 2 O 2 ) content.
AA Deficiency Results in Slightly Elevated Levels of H 2 O 2
Rosette leaves of 3-week-old wild-type and mutant plants grown under SD did not show significant differences in the endogenous H 2 O 2 content. However, when plants were 7 weeks old, H 2 O 2 levels were about 40% to 90% higher in vtc1-1 and vtc2-1 than in the wild type but were unchanged in vtc3-1 and vtc4-1 (Supplemental Fig. S2A ). In LD-grown mutants, the H 2 O 2 content was typically more elevated than in SD-grown mutants, with vtc1-1 and vtc2-1 generally exhibiting higher H 2 O 2 levels than vtc3-1 and vtc4-1, which correlated with the endogenous amount of leaf AA in the mutants (Supplemental Fig. S3B ; Conklin et al., 2000; Conklin, 2001) . Note that all vtc mutants started flowering at about 3 and 7 weeks after sowing when grown under LD and SD, respectively (except for vtc2-1). However, H 2 O 2 levels were not significantly elevated in vtc3-1 and vtc4-1 compared with the wild type in SD and for vtc4-1 in LD at the time of flowering, suggesting that the early-flowering phenotype is not caused just by elevated oxidative stress in the vtc mutants. To better define the role of AA deficiency in the control of flowering time, we investigated whether the vtc mutants exhibit altered expression of key regulatory genes controlling known flowering pathways.
AA Deficiency Promotes the Expression of Genes Controlling the Circadian Clock and the Photoperiodic Flowering Pathway
The photoperiodic pathway regulates flowering in long photoperiods in the facultative LD plant Arabidopsis (Komeda, 2004; Corbesier and Coupland, 2005; Imaizumi and Kay, 2006) . Since the vtc mutants had an early-flowering phenotype under LD, we investigated whether transcript levels of circadian clock and photoperiodic pathway genes are heightened in the vtc mutants under LD and whether the expression of photoperiodic genes is altered under SD.
Transcription levels were determined in 2-and 5-week old rosette leaves of plants grown under both SD and LD. Neither the wild type nor the vtc mutants flowered at these two developmental stages under SD. Under LD, the 2-week-old plants represent the vegetative state, whereas all genotypes were at the reproductive state when they were 5 weeks old (Fig. 1 ). Transcript levels of LHY, a component of the circadian oscillator (Corbesier and Coupland, 2005; Allen et al., 2006) , and genes in the photoperiodic pathway, including GI, CO, and FT, are in many cases more than 2-fold up-regulated in the vtc mutants under both SD (Fig. 2 , A and B) and LD (Fig. 2, C and D) . Under the PCR conditions used here, expression of FT was not detected in 2-week-old SD-grown plants ( Fig. 2A ) and expression was low in 5-week-old plants under SD (see different scale on the right y axis in Fig. 2B ). This was expected, as vtc mutants started flowering only 7 weeks after sowing (see above). However, note that mRNA levels in vtc mutants are generally elevated at an early developmental stage (2-week-old seedlings), suggesting that AA deficiency constitutively alters the expression of these genes irrespective of the photoperiod and that these flowering time genes act early in development (Araki and Komeda, 1993; Simon et al., 1996) .
In summary, the early-flowering phenotype of the vtc mutants is associated with significantly higher mRNA levels of circadian clock and photoperiodic pathway genes when plants are grown under either LD or SD. Since the circadian clock regulates GI and CO transcription, we investigated whether AA deficiency influences circadian rhythms.
AA Deficiency Increases the Amplitude of Transcription of Circadian Oscillator Genes But Does Not Affect Circadian Period
To determine whether AA affects circadian rhythms, we entrained the wild-type and vtc mutant plants in day-neutral conditions (12 h of light/12 h of dark). Three weeks after sowing, plants were shifted to constant light. Starting in the last 12-h-light/12-hdark cycle, expression levels of LHY, TOC1, GI, and CO were determined for an additional 48 h under constant light. The oscillator establishes the rhythm of CO gene expression, which is mediated by GI (Mizoguchi et al., 2005) . We investigated whether AA deficiency alters circadian clock period.
In comparison with the wild type, the amplitude of the gene expression rhythm was higher in vtc1-1 and vtc3-1, with the trough level of expression remaining constant but the peak level increased. This expression pattern was most pronounced under free-running (i.e. constant light) conditions (Supplemental Fig. S4 ). Thus, our data indicate that LHY, TOC1, GI, and CO are constitutively up-regulated when endogenous AA levels are low. However, there is no effect on period. Therefore, these data raised the question of what factors would drive this up-regulation. Since light is an important external factor that entrains and maintains circadian rhythms, we investigated whether light input mediated through photoreceptors is altered in the vtc mutants compared with the wild type.
AA Deficiency Alters the Expression of Phytochromes and Cryptochromes
Light is perceived by phytochromes and cryptochromes. PHYA, CRY1, and CRY2 positively affect flowering, whereas PHYB represses flowering (Cerdan and Chory, 2003; El-Din El-Assal et al., 2003; Liu et al., 2008) . We examined whether vtc mutants contain altered transcript levels of PHYA, CRY1, CRY2, and PHYB.
Leaves harvested from 5-week-old vtc mutants grown under SD and LD generally had significantly higher levels of PHYA, CRY1, and CRY2, whereas PHYB mRNA levels were lower in comparison with the wild type (Supplemental Fig. S5 ). However, differences in transcript levels were in most cases less than 2-fold. This might explain why we did not observe altered hypocotyl growth when plants were grown under dark, white, red, or blue light (Supplemental Fig. S6 ).
To further investigate a possible effect of AA on PHYB, we tested whether artificially increasing the AA content in the early-flowering phyB-9 mutant (Columbia-0 [Col] background) by spraying plants with the AA precursor L-Gal would alter flowering time. Although leaf AA levels were significantly elevated in L-Gal-sprayed compared with water-treated phyB-9 plants (Supplemental Fig. S7A ), flowering was not affected (Supplemental Fig. S7 , B and C), suggesting that functional PHYB is required for delayed flowering through degradation of CO, as expected (Cerdan and Chory, 2003; El-Din El-Assal et al., 2003) . However, this experiment also suggests that early flowering in phyB mutants is AA independent. This is supported by the fact that phyB mutants are not AA-deficient. The AA content decreases more rapidly in phyB mutants than in the wild type with increasing age, an expected result given that phyB mutants are early flowering and senesce after flowering (Supplemental Fig. S7D ).
Taken together, our results show that AA deficiency has a modest effect on transcription of red and blue light receptors that influence the expression of genes in the photoperiodic flowering pathway. However, we cannot rule out that AA deficiency influences other flowering pathways, which could contribute to the early-flowering phenotype of the vtc mutants.
AA Deficiency Alters the Expression of FLC
To test whether the autonomous pathway affects flowering in the vtc mutants, we assessed transcript levels of the floral repressor FLC, a key integrator in the autonomous pathway. High levels of FLC suppress flowering (Michaels and Amasino, 1999; Sheldon et al., 1999) . Therefore, we investigated whether FLC mRNA levels are lower in vtc mutants compared with the wild type. Since FCA is one of several autonomous pathway genes that regulate FLC, we also evaluated FCA mRNA levels in vtc mutants.
The FCA transcript is alternatively spliced, resulting in the formation of the four different transcripts, a, b, g, and d (Macknight et al., 1997) . We used primers that allowed us to amplify a cDNA product generated from the a, g, and d transcripts. FCA-g is the only form encoding functional FCA (Macknight et al., 2002) . FCA mRNA levels were not altered in the vtc mutants compared with the wild type when plants were grown under SD (Fig. 3A) . FCA transcripts were slightly decreased in vtc1-1 and vtc2-1, but not in vtc3-1 and vtc4-1, when grown under LD (Fig. 3B) . However, FLC transcript levels were approximately 30% lower in SDgrown vtc1-1, vtc3-1, and vtc4-1 mutants compared with the wild type, whereas FLC mRNA levels were similar in vtc2-1 and the wild type (Fig. 3A) . In contrast, FLC transcript levels were more than 2-fold lower (P , 0.001) in all vtc mutants than in the wild type under LD (Fig. 3B ). Under SD, LFY mRNA levels were approximately two times higher in the vtc mutants than in the wild type, with the exception of vtc2-1 (Fig. 3A) , which is in line with the observed flowering phenotype of the mutants (compare with Fig. 1 ). Even higher transcript levels of LFY were observed under LD (Fig. 3B) .
Under noninductive SD conditions, flower initiation depends on the plant hormone GA. The vtc1 mutant has been reported to contain decreased levels of GA 1 and GA 4 and altered expression of GA biosynthetic genes (Kiddle, 2004; Foyer et al., 2007) . We determined expression levels of three AA-dependent GA biosynthetic genes (gibberellin 20-oxidase 1 [GA20OX1], gibberellin 3-oxidase 2 [GA3OX2], and gibberellin 3-oxidase 4 [GA3OX4]; Supplemental Table S2) but could not detect significant differences in expression between the vtc mutants and the wild type. Only transcript levels of GA3OX4, which could convert GA 20 into GA 1 and/or GA 4 (Lester et al., 2005; Eriksson et al., 2006) , were higher in vtc1-1 in comparison with the wild type under SD (Supplemental Fig. S8A ) but not under LD (Supplemental Fig. S8B ). In summary, although GA levels were not measured directly, our results indicate that the GA pathway may not or may only partially contribute to the earlyflowering phenotype in the vtc mutants. To further investigate the role of AA on flowering time, we analyzed the flowering phenotype and expression of genes in the photoperiodic and autonomous pathways in plants containing artificially elevated levels of AA.
Artificially Increasing the Level of AA Delays Flowering and Senescence
We presented evidence that low levels of AA confer early flowering that correlates with an up-regulation of circadian clock and photoperiodic pathway genes and a down-regulation of FLC mRNA. Conversely, we asked whether flowering and senescence can be delayed when we artificially increase the endogenous AA content and whether genes that are up-regulated in the vtc mutants in comparison with the wild type are down-regulated in plants containing elevated levels of AA. To elevate AA levels, plants were sprayed with L-Gal, an intermediate in the AA biosynthetic pathway (Wheeler et al., 1998) .
In comparison with plants sprayed with water, L-Gal treatment resulted in an approximately 2-fold increase in the total AA content in LD-grown plants (Fig. 4A) . Flowering of L-Gal-sprayed plants grown under LD was delayed by about 5 d in comparison with plants sprayed with water (Fig. 4B ). This is supported by the fact that L-Gal-sprayed plants developed 17 6 0.4 (SE) rosette leaves, whereas water-sprayed plants formed only 13 6 0.4 rosette leaves (n = 16 in both cases; Fig.  4C ). The delayed-flowering phenotype was accompanied by delayed senescence (Fig. 4C ). In comparison with the water-sprayed plants, we detected lower mRNA levels of PHYA, CRY1, CRY2, LHY, GI, CO, FT, and LFY in L-Gal-sprayed plants, whereas transcript levels of PHYB and FLC were increased and those of FCA were not changed (Fig. 4D) . Similar results were found in L-Gal-and water-treated wildtype plants grown under SD (Supplemental Fig. S9 ).
In summary, the results presented in Figure 4 and Supplemental Figure S9 are in accordance with data obtained for the AA-deficient vtc mutants. Furthermore, these data support our observation that alterations in the leaf AA content significantly affect the onset of flowering that correlates with transcriptional changes of genes in the photoperiodic, autonomous, and light perception pathways. Low levels of AA promote flowering and senescence, whereas high levels of AA delay flowering and senescence irrespective of the photoperiod. The data presented above suggest that AA acts upstream of pathways that control flowering. To test this, we crossed the early-flowering mutant vtc1-1 to photoperiodic and autonomous pathway mutants, which are delayed in flowering.
vtc1-1 gi-1, vtc1-1 co-2, vtc1-1 ft-1, and vtc1-1 fca-1 Double Mutants Exhibit Delayed Flowering Despite Their AA Deficiency
To test whether AA plays a specific role in the photoperiodic and/or the autonomous pathways, we crossed vtc1-1 to the late-flowering photoperiodic pathway mutants gi-1, co-2, and ft-1 and to the autonomous pathway mutant fca-1, which is also delayed in flowering (Koornneef et al., 1991; Putterill et al., 1995; Macknight et al., 1997; Fowler et al., 1999; Suárez-Ló pez et al., 2001) . If AA specifically acts in the autonomous pathway, vtc1-1 gi-1, vtc1-1 co-2, and vtc1-1 ft-1 double mutants should exhibit a promotion of flowering compared with gi-1, co-2, and ft-1 single are shown. Inflorescence tissues were harvested at 4 h after lights were turned on. Transcript levels were assessed in inflorescences of three individual plants and normalized to ACTIN. Means 6 SE of three independent replicates are shown. Significant differences in comparison with the wild type are indicated with asterisks: * P , 0.05, *** P , 0.001, by Student's t test. mutants due to the activity of the autonomous pathway in vtc1-1 (Fig. 3) . Likewise, vtc1-1 fca-1 double mutants are expected to exhibit earlier flowering than fca-1 single mutants due to the enhanced activity of the photoperiodic pathway measured in vtc1-1 ( Fig. 2;  Supplemental Fig. S4 ).
All double mutants displayed a delayed-flowering phenotype despite their AA deficiency (Fig. 5A) . Note that vtc1-1 fca-1 has approximately 70% of the Col/ Landsberg erecta (Ler) wild-type AA content, suggesting that fca-1 can partially suppress the vtc1-1 mutation. All homozygous double mutants had a similar number of rosette leaves as the gi-1, co-2, ft-1, and fca-1 single mutants, whereas vtc1-1 produced fewer rosette leaves than the Col wild type under LD (Fig. 5B) and SD (Supplemental Fig. S10 ). Note that the SE bars for both the AA content and flowering time data in the Col/Ler wild type and in the double mutants of two different backgrounds are comparable to the SE bars of the respective wild-type controls, suggesting low genetic variability in the pools of plants used for the experiments.
In summary, our genetic analysis demonstrates that the gi-1, co-2, ft-1, and fca-1 mutations are all epistatic to vtc1-1, suggesting that GI, CO, FT, and FCA play roles in the promotion of flowering of vtc1-1. However, AA does not appear to have a specific role in any of the known flowering pathways.
DISCUSSION
Recent publications reported contrasting flowering and senescence phenotypes of the vtc1 and vtc2 mutants, exhibiting delayed and early flowering/senescence under SD (Pastori et al., 2003; Pavet et al., 2005) and LD Conklin and Barth, 2004) , respectively. In order to understand how AA influences flowering time, we examined the flowering phenotype of the wild type in comparison with four AA-deficient mutant lines grown under SD and LD.
We found that all four vtc mutants, with the exception of vtc2-1 grown under SD, exhibit early flowering irrespective of the photoperiod (Fig. 1) . This is in contrast to findings by Pastori et al. (2003) and Pavet et al. (2005) . Investigation of vtc mutants, which were not yet backcrossed to the wild type, also revealed an early-flowering phenotype (Supplemental Fig. S1 ), suggesting that the observed differences are not due to the presence of additional mutations and are related to AA deficiency. Therefore, the reason for the observed contrasting flowering phenotypes is unclear at present. Growth conditions, including nutrient supply Results represent means 6 SE of three independent replicates. Significant differences between L-Gal and water treatments are indicated with asterisks: * P , 0.05, ** P , 0.01, *** P , 0.001, by Student's t test. (Smirnoff, 2000; Bartoli et al., 2006; Dowdle et al., 2007) , whereas changes in photoperiods only affect AA pool size slightly or not at all (Queval et al., 2007; Supplemental Fig. S3 ). Thus, one would expect delayed flowering in plants grown at higher light intensities. It would hence be worthwhile to investigate the flowering time of vtc mutants grown under different light intensities.
Finally, based on rosette leaf number and transcript levels of photoperiodic pathway genes (Fig. 2, A and  B) , vtc2-1 would be considered early flowering under SD. However, flower buds emerged at the same time as in the wild type, which correlates with the expression of the autonomous pathway gene FLC (Fig. 3) . The reason for the different response of vtc2-1 under SD is unclear at present. Nevertheless, we provide evidence that alterations in the AA content have a significant effect on flowering time.
AA Influences Flowering Time through a Mechanism That Is Independent of Its Antioxidant Activity
Early flowering in AA-deficient vtc mutants (Fig. 1) and late flowering in plants with artificially elevated AA levels ( Fig. 4; Supplemental Fig. S9 ) could simply be explained by the antioxidant function of AA to scavenge ROS. Low levels of AA, as in the vtc mutants (Supplemental Fig. S3 ; Conklin et al., 2000) , would be expected to result in elevated levels of ROS. Indeed, the vtc mutants contain elevated H 2 O 2 levels (Supplemental Fig. S2 ), suggesting that they are suffering some oxidative stress under optimal growth conditions, ultimately resulting in early flowering/senescence. However, our data suggest that the early-flowering phenotype cannot be solely attributed to increased oxidative stress in the vtc mutants. This conclusion is supported by the following facts. First, oxidative stress in the vtc mutants compared with the wild type is generally higher under LD than SD, with little effect on vtc3-1 and vtc4-1 grown at SD. However, the flowering phenotype of the vtc mutants does not correlate with the endogenous H 2 O 2 content (compare Fig. 1 and Supplemental Fig. S2 ). For example, the vtc3-1 and vtc4-1 mutants generally exhibit lower or similar levels of H 2 O 2 than the wild type (Supplemental Fig. S2 ), but the mutants still exhibit an early-flowering phenotype (Fig. 1) . Second, in comparison with the wild type, the difference in leaf number produced in the vtc mutants is similar under SD and LD (vtc mutants formed approximately 20% fewer leaves than the wild type under SD and LD, except for vtc2-1 grown under SD; Fig. 1B) . Third, Arabidopsis mutants lacking cytosolic ascorbate peroxidase and exhibiting constitutive accumulation of H 2 O 2 under optimal growth conditions show delayed flowering under LD and constant light (Pnueli et al., 2003) . It should be mentioned, however, that some double mutants deficient in cytosolic and thylakoid ascorbate peroxidase suffering oxidative stress exhibit early flowering (Miller et al., 2007) . Fourth, double mutants of vtc1-1 and flowering time mutants are AA deficient (Fig. 5A ) but have delayed flowering (Fig. 5B) . In summary, our data demonstrate that AA influences flowering in a photoperiod-independent manner through factors (discussed in detail below) other than or perhaps in addition to ROS and/or redox changes. Therefore, expression and genetic analyses were con- Figure 5 . Effects of the vtc1-1 mutation on flowering time and AA content in the background of photoperiodic and autonomous pathway mutants. Plants were grown under LD. A, Total AA content in 3-weekold wild-type (WT) controls and single and double mutants. Means 6 SE of three to six independent replicates per genotype are shown. FW, Fresh weight. B, Total rosette leaf number of all genotypes at flowering time. Results depict means 6 SE of nine to 17 independent plants per genotype. Shading patterns indicate plants of the same genetic background, allowing for easier statistical comparison of single and double mutants with their respective wild-type controls. Asterisks denote significant differences: * P , 0.05, ** P , 0.01, *** P , 0.001, by Student's t test.
ducted to establish whether AA specifically acts in known flowering time pathways.
AA Does Not Seem to Act Specifically in Any of the Known Flowering Pathways and May Play a General Role in Responding to Environmental Signals
Data presented in this study show that AA has a significant effect on flowering time and that alterations in the AA content confer differential gene expression of all genes in known pathways. The alterations in gene expression patterns are consistent with the observed flowering phenotypes (Figs. 2-4 ; Supplemental Figs. S4, S5, S8, and S9). In fact, the expression patterns in the vtc mutants and in wild-type plants with artificially altered AA levels would fit the external coincidence model (Yanovsky and Kay, 2003; Hayama and Coupland, 2004; Putterill et al., 2004; Saunders, 2005; Imaizumi and Kay, 2006; Kobayashi and Weigel, 2007) as well as the function of phytochromes and cryptochromes in the regulation of CO (Reed et al., 1993; Guo et al., 1998; Mockler et al., 1999 Mockler et al., , 2003 Yang et al., 2000; Cerdan and Chory, 2003; Valverde et al., 2004) . AA deficiency, however, does not affect the circadian clock despite enhancing the expression of clock genes, including LHY ( Fig. 2; Supplemental Fig. S4 ). Early flowering may be promoted through enhanced expression of GI, which promotes the expression of LHY/CCA1, CO, and FT, conferring early flowering. Such a phenomenon has been reported recently (Oda et al., 2004) . Oda and coworkers (2004) suppressed the PHYTOCHROME IN-TERACTING FACTOR3 gene, resulting in higher CO and FT mRNA levels, and thus in early flowering, under LD without affecting circadian period.
Taken together, our expression and genetic analyses do not support a specific role of AA in the known flowering pathways (Fig. 5, B and C) . The mechanism through which AA influences flowering time, therefore, remains unclear. Instead, the picture that emerges is that alterations in the AA content confer perturbations in plant metabolism and gene expression that indirectly affect flowering. The observed gene expression differences cause a variety of pleiotropic effects in the vtc mutants. This may be explained by the fact that, in addition to its function as an antioxidant, AA also serves as an essential cofactor for a variety of enzymes. For example, AA is required for the biosynthesis of the plant hormones abscisic acid, GA, and ethylene De Tullio, 2000, 2002) . Previous studies have demonstrated a high content of abscisic acid (Pastori et al., 2003; S.O. Kotchoni and C. Barth, unpublished data) but low levels of GA (Kiddle, 2004; Foyer et al., 2007) in vtc1. Therefore, one would expect the late-flowering phenotype of the vtc mutants (Barth et al., 2006) , as reported by Pastori et al. (2003) and Pavet et al. (2005) .
In addition to changes in the abscisic acid and GA contents, low levels of AA promote the accumulation of the phytoalexin camalexin (Colville and Smirnoff, 2008) and salicylic acid M. Mukherjee and C. Barth, unpublished data) , which has been demonstrated to also influence flowering time (Martinez et al., 2004) . It was also shown that de novo AA synthesis increases in response to methyl jasmonate (Sasaki-Sekimoto et al., 2005; Wolucka et al., 2005) . Glutathione (Pavet et al., 2005) and a-tocopherol (Kanwischer et al., 2005) have been reported to be slightly elevated in vtc1 or unchanged in vtc mutants (Colville and Smirnoff, 2008) . Consequently, alterations in the AA pool size result in hormonal changes, conferring altered gene expression, leading to a variety of phenotypes in the vtc mutants. These include altered flowering (Pastori et al., 2003; Conklin and Barth, 2004 ; this study), enhanced resistance to virulent pathogens Pavet et al., 2005) , altered primary root development (Olmos et al., 2006) , changes in energy status (Wormuth et al., 2006) , altered heat tolerance (Larkindale et al., 2005) , increased sensitivity to salt stress (Huang et al., 2005) , altered cell wall biosynthesis (Lukowitz et al., 2001) , and sensitivity to ozone (Conklin et al., 1996 (Conklin et al., , 2000 . Whereas some of those phenotypes can clearly be attributed to the lack of antioxidant capacity of the vtc mutants, some phenotypes cannot simply be explained by elevated ROS levels and altered redox status in the mutants. In fact, the ascorbate oxidation state does not vary in the vtc mutants (Conklin et al., 2000; Colville and Smirnoff, 2008; M. Mukherjee and C. Barth, unpublished data) . This study provides evidence that the AA pool size affects the regulation of growth and developmental and defense responses. Thus, it is possible that AA levels serve as an internal signal that helps properly poise plants to respond to environmental signals and facilitates the adjustment of plant development, including the transition from the vegetative to the reproductive phase. To evaluate this possibility, future experiments will have to address how plants perceive AA, how the endogenous AA content is regulated, and how plants translate alterations in the AA pool size into developmental adjustments.
MATERIALS AND METHODS
Plant Material and Growth Conditions
Arabidopsis (Arabidopsis thaliana) wild-type ecotype Col and previously described Arabidopsis mutants vtc1-1, vtc2-1, vtc3-1, and vtc4-1 (kindly provided by P. Conklin; Conklin et al., 1996 Conklin et al., , 2000 Conklin, 2001) were grown in a growth chamber (Percival). Mutant plants were backcrossed to Col wild type four times (vtc1-1), three times (vtc3-1), or two times (vtc2-1 and vtc4-1). The flowering time mutants gi-1 (CS3123), co-2 (CS175 and CS55), ft-1 (CS56), and fca-1 (CS167) and the wild type Ler (CS20) were obtained from the Arabidopsis Biological Resource Center Stock Center. Plants were grown on soil (Metromix 360; BFG Supplies) in replicate flats containing 32 inserts with wild-type controls and mutants always present on the same flat. Temperature in the chamber was 23°C at day and at night. Plants were grown under LD (16 h of light/8 h of dark, growth chamber lights turned on at 6:00 AM and turned off at 10:00 PM) and SD (10 h of light/14 of h dark, growth chamber lights turned on at 6:00 AM and turned off at 4:00 PM) at a light intensity of 160 mmol photons m 22 s 21 (fluorescent bulbs).
Two-week-old plants were harvested by pooling aboveground tissue of seedlings. When plants were 3 weeks old, rosette leaves of similar age were marked using a soft marker. Rosette leaves were pooled from two to four individual plants. Plants were only used once for tissue harvest to avoid gene 
Generation and Identification of Double Mutants
The vtc1-1 mutant (Col background; Conklin et al., 2000) was crossed with gi-1 (Col background; Fowler et al., 1999) , co-2 (Ler background; Putterill et al., 1995) , ft-1 (Ler background; Kardailsky et al., 1999) , and fca-1 (Ler background; Macknight et al., 1997) . F1 progeny of the crosses were allowed to self. F2 progeny were screened for AA deficiency (Conklin et al., 2000) , and DNA was extracted from progeny that scored as AA deficient. Per plant, two PCR procedures were carried out to identify homozygous vtc1-1 gi-1, vtc1-1 co-2, vtc1-1 ft-1, and vtc1-1 fca-1 double mutants using the primers listed in Supplemental Table S1 . F3 seeds from homozygous double mutants were used for experiments. The individual Col and Ler wild types and the Col 3 Ler crosses were used as controls. To minimize genetic variability, resulting from crossing two different backgrounds, seeds were pooled from 12 different crossing events of the Col and Ler wild-type controls (Col 3 Ler; Miller et al., 2007) , and at least three independent double mutants (except for vtc1-1 co-2) were evaluated for flowering time.
Measurement of H 2 O 2 Content
Freshly harvested rosette leaves (approximately 0.1 g) were incubated by shaking (250 rpm) in 3 mL of 25 mM phosphate buffer, pH 7.0, containing 0.05% guaiacol (Sigma) and 2.5 units mL 21 horseradish peroxidase (Sigma) in the dark at 25°C for 2 h. Absorbance of the solution was measured at 450 nm as described (Von Tiedemann, 1997) . H 2 O 2 concentrations were determined using a H 2 O 2 standard curve, containing 5, 10, 25, 50, 75, 100, or 150 mM H 2 O 2 (Sigma) as described (Kotchoni et al., 2006) .
Determination of Flowering Time
Flowering time was assessed by counting the number of rosette leaves when flower bolts were 1 cm in length or when floral buds were visible at the center of the rosette.
Circadian Rhythm Experiments
Wild-type and vtc mutant plants were entrained in day-neutral (12 h of light/12 h of dark) conditions for 3 weeks and then subjected to constant light for 48 h. Rosette leaves were harvested starting in the last 12-h-light/12-h-dark cycle (chamber lights turned on at 6:00 AM and turned off at 6:00 PM), beginning 1 h after lights were turned on. Tissue was harvested every 4 h in the last dark/light cycle, and tissue collection continued for another 48 h under constant light. Temperature in the growth chamber was 23°C throughout the experiment. The Percival growth chambers used for these experiments were programmed for temperature and photoperiod. A 12-h-light/12-h-dark photoperiod program with constant temperature was created for the first 3 weeks of growth. The program was then switched to constant light for another 48 h.
Exogenous Application of L-Gal
Wild-type plants were grown under SD and LD as described above. Plants were sprayed every other day with either water or 10 mM L-Gal. Spraying started when plants were 8 d old and continued until plants finished their life cycle. Tissue of 5-and 13-week-old plants grown under SD and LD was harvested for gene expression analyses.
Measuring AA Content
Leaf AA content was determined in whole 3-week-old rosettes using the ascorbate oxidase assay (Conklin et al., 1997) and the iron reduction assay .
RNA Isolation, cDNA Synthesis, and Gene Expression Analysis
Total RNA from rosette leaves and inflorescences was extracted using TriReagent (Molecular Research Center). Five microliters of total RNA was subjected to reverse transcription using a first-strand cDNA synthesis kit (Invitrogen) and 10 pg of oligo(dT) primers. Two micrograms of cDNA was utilized for PCR using gene-specific primers (Supplemental Table S2 ), running 20 or 25 amplification cycles (linear range of amplification) unless otherwise noted. The linear range of amplification was determined by running increasing cycle numbers and analyzing the amount of cDNA fragments. PCR fragments were separated on 1% agarose gels containing ethidium bromide. Band intensities were quantified with ImageQuant 5.0 (Amersham Biosciences). A cDNA fragment generated from ACTIN served as an internal control.
Statistical Analyses
Data are expressed as mean values 6 SE. Experiments were repeated at least three times. P values were determined by Student's t test analysis.
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